ABSTRACT: Large-scale computational screening of thirty thousand zeolite structures was conducted to find optimal structures for separation of ethane/ethene mixtures. Efficient grand canonical Monte Carlo (GCMC) simulations were performed with graphics processing units (GPUs) to obtain pure component adsorption isotherms for both ethane and ethene. We have utilized the ideal adsorbed solution theory (IAST) to obtain the mixture isotherms, which were used to evaluate the performance of each zeolite structure based on its working capacity and selectivity. In our analysis, we have determined that specific arrangements of zeolite framework atoms create sites for the preferential adsorption of ethane over ethene. The majority of optimum separation materials can be identified by utilizing this knowledge and screening structures for the presence of this feature will enable the efficient selection of promising candidate materials for ethane/ethene separation prior to performing molecular simulations.
■ INTRODUCTION
Ethene is one of the largest production chemical products today due in large part to the demand for polyethylene. Global annual production capacity exceeds 152 million tonnes and is projected to grow by 20% over the next 5 years. 1 Large-scale production of ethene involves separating it from other light hydrocarbons, including methane, ethane, and propane. To achieve acceptable purity, these compounds are typically separated using a series of low-temperature distillations at high pressure. 2 The low relative volatility of the ethane-ethene mixture makes the separation energy and capital intensive. Several other approaches for separating light olefins and paraffins have been proposed in the literature. These include physical and chemical absorption processes, extractive distillation, membranes, and adsorption onto porous materials. 2−8 The similarity of molecular sizes in these mixtures contributes to the difficulty of the separation. Adsorbent materials can potentially provide better separation of these components. By interacting more strongly with one component of the mixture, an adsorbent may provide an adsorbed mixture richer in one component or limit the diffusion of one component for a kinetic separation. 3 Previous efforts with porous materials have looked into both physically adsorbing materials, such as zeolites, 7 and chemically adsorbing materials, such as metal−organic frameworks (MOFs) with open metal sites. 5, 6 In addition, zeolitic imidazolate frameworks and specifically ZIF-8 has been investigated as a potential candidate for performing kinetic separation via the enhanced diffusivity of ethene compared to ethane within the material. 4 For this work, we focus on zeolite structures as a possible candidate for adsorption-based separation and focus on ethane/ethene separation.
Zeolites are porous aluminosilicates with pore diameters on the order of 0.5 to 5 nm. While roughly 200 zeolite topologies have been identified in experiments, only a handful of these materials are used on an industrial scale. Despite the relatively small number of experimentally realized zeolite structures, recent work in predicting zeolite structures has identified millions of potential pure-silica zeolites. 9 Due to the very large number of these hypothetical zeolite structures that can be utilized for ethane/ethene separation, we have used computational techniques to predict the thermodynamics of both ethane and ethene molecules adsorbed on these materials and conducted detailed analysis of their crystal structures. Grand canonical Monte Carlo (GCMC) simulations were performed to obtain uptake of ethane and ethene for zeolite structures in both the IZA database and Deem's hypothetical database. 10 With the development of our high performance adsorption isotherm simulation code, we have the capability to characterize a large database of porous materials within a reasonable computing time. 11 Previously, we have utilized this software to conduct large-scale screening simulations to identify optimal materials for carbon capture 12 and to perform in-depth analysis on promising MOF materials. 13 There has been other simulation work that used different techniques to process a large database of zeolite materials.
14, 15 In this paper, we have extended the scope of our simulation tool to explore a large database of zeolite structures for ethane/ethene separation.
■ METHODOLOGY
GCMC simulations are widely used to predict the adsorption isotherms of pure and mixed gas in porous materials. At each point on the isotherm, a constant chemical potential (fugacity) of the gas, volume, and temperature are specified 16 to obtain the uptake values of ethane/ethene molecules. Molecular simulations of ethane in different zeolites have been carried out by many groups 17−22 while ethene has been studied far less. 23−25 A united-atom force field that uses the 12-6 Lennard-Jones potential model was developed for alkanes and alkenes in the zeolites by Smit and co-workers, and it has been validated to reproduce the vapor liquid equilibrium of guest molecules. 26, 27 The simulated adsorption isotherms computed using this force field show excellent agreement with the experimental data for several different known zeolite structures, and thus, we assumed the force field to be transferable to all pure-silica zeolite structures.
To save computational time, a box composed of few, multiple unit cells of the material extending at least twice the distance of the cutoff radius, R cut = 12 Å, in all directions is used for the simulation domain. All the interactions are cut off and shifted to zero at pairwise distances larger than R cut without any tail corrections. The zeolite framework is regarded as being rigid, and periodic boundary conditions are applied. In the GCMC simulation, several million configurations are sampled through random insertion, deletion, and translation moves of a single guest molecule in order to obtain an accurate ensemble average.
For the hypothetical zeolite database, the PCOD (predicted crystallography open database) set of 330000 structures within +30 kJ mol −1 Si of α-quartz 9 was further reduced down to 139397 via removal of all zeolite structures with a free sphere below 3.25 Å (in which case, the pore sizes are too small, prohibiting methane to enter into the zeolite) utilizing Zeo++. 28 We conducted GCMC simulations and characterized 30000 randomly chosen zeolite structures from the filtered 139397 hypothetical zeolite set in order to further reduce computational cost while still exploring a significant portion of the filtered zeolite set. Because we consider zeolite structures with the same chemistry (i.e., silicon and oxygen) and assumed the rigidity of the framework, the structure's geometry is the main factor that determines the material's separation performance. Given that small changes in the geometry lead to varying adsorption properties, a very large number of zeolite structures need to be examined in the screening process to find those suitable for ethane/ethene separation.
To perform large scale screening for ethane/ethene separation, we utilized various techniques to accelerate the GCMC simulations. 29 Prior to the MC moves, energy grids with a spacing of 0.1 Å are computed and stored for all interactions between the framework and the guest atoms. Density-biased sampling techniques are utilized to make biased insertion moves into low energy regions within the simulation volume to speed up the MC equilibration process. Finally, we utilize the thousands of GPU threads within the graphics processing units (GPUs) hardware to efficiently allocate threads to workload during the GCMC simulations. 11, 30 With all of these optimization techniques in place, it takes only a few minutes of total wall time to obtain a complete pure component isotherm up to 100 bar (fugacity of the gas).
■ RESULTS
Mixture isotherms are the most essential information used to evaluate the separation performance of a multicomponent system. However, direct mixture isotherm calculations can be inefficient given that the composition of a mixture input stream of process might also be a variable, and recalculations of the isotherms would be required for different ratios of the mixture. Subsequently, in the context of our large-scale screening, while the performance of a zeolite structure was still measured from the mixture isotherms, predictions were made from the ideal adsorbed solution theory (IAST) with the pure component isotherms calculations 31 instead. The IAST theory is a widely used method to predict the mixture isotherm and has been validated in many adsorption systems. 32 Pure Components. The pure component isotherms for both ethane and ethene molecules inside zeolite structures were obtained through GCMC simulations over a wide range of fugacities. It is interesting to note that two different types of isotherms emerged from our large-scale adsorption isotherm calculations. Figure 1 shows the pure component isotherms of zeolites OBW and SOF, which were chosen as IZA structures representing these two distinct classes of isotherms. Comparisons at high fugacities (i.e., between 1 and 100 bar) indicates that, for OBW, the loading difference between ethane and ethene remains relatively constant throughout this pressure range, while, in SOF, the difference becomes smaller as the uptake values of ethane and ethene converge to the same saturation point of around 3.5 mol/kg at very high fugacities of gas. As will be shown later in the paper, the difference in saturation behavior between the pure component isotherms serves as an important indicator that determines the separation characteristics of the zeolite materials.
In order to explain the different isotherm behaviors between OBW and SOF, we utilized the GPU code to generate the energy profiles of ethane and ethene inside the two structures. Figure 2 shows the energy contour profiles, representing the sum of the potential energies between the ethane/ethene molecules and all of the framework atoms within the unit cell of OBW, with the blue regions indicating low energy adsorption sites. Because both ethane and ethene are represented as polyatomic molecules in our simulations, the average energy of the molecule at each grid point was obtained via conducting 100 center-of-mass test rotations and collecting the Boltzmannweighted average energy for all of the random rotation moves. molecule occupies additional regions within the unit cell that are energetically forbidden to the ethene molecule. These extra ethane adsorption sites are separated from the main channel by a relatively large energy barrier. We impose a cutoff energy value, E cut = 15k B T (with T = 300 K), where an adsorption site surrounded in all spatial directions by an energy barrier higher than E cut is deemed to be inaccessible. In our code, we have implemented a blocking routine that allows for automatic identification of inaccessible regions via the flood fill algorithm. 33 The value of E cut was chosen to be sufficiently large such that diffusion across this barrier is not expected within the experimental time scale. 33 It turns out that, in OBW, the energy barrier separating the extra adsorption sites from the main channel is high enough to block diffusion of ethene while low enough to allow diffusion of ethane molecules as can be seen from Figure 2 . Thus, changing E cut in our simulations can alter the diffusion properties in such a way that the adsorption properties for ethane and ethene become similar to one another. In our large-scale screening process, we have identified many zeolite structures similar to OBW, where the energy cutoff criterion imposed to enable/disable diffusion into localized regions led to extra adsorption sites for ethane. In reality, we expect the diffusion properties of ethane and ethene to be similar enough to one another in these types of zeolite structures such that the two gas molecules will either both diffuse into all of the same localized regions if the experimental time scale is long enough or be forbidden to access the same localized regions if the time scale is short enough. Although a nonequilibrium separation based on membranes, for example, can exploit these properties if the diffusion coefficients of the two molecules are sufficiently different from one another, in this study we focus on equilibrium separations and consider structures similar to OBW as being suboptimal.
On the other hand, the ethane/ethene energy contour plots for zeolite SOF (Figure 3 ) reveal that the low energy regions for the two molecules are same for both gas molecules. Because ethane and ethene share the same adsorption sites, it is not surprising that the uptake of two molecules converges to the same value at high pressure as seen from Figure 1 . In the rest of this paper, we concentrate on zeolite structures similar to SOF, where high working capacity and high selectivity for separation cannot be simply explained from differing diffusion behaviors (as was the case in OBW).
Mixture Isotherms. Although IAST has been validated for a variety of systems, it remains important to test its applicability in the ethene/ethane system. The SOF mixture isotherm computed using GCMC simulations was treated as a benchmark case used to determine the accuracy of IAST. The simulated adsorption isotherm curves seen in Figure 4 demonstrate that the mixture isotherm data produced from pure component isotherms via IAST are in excellent agreement with the mixture isotherm data obtained from the GCMC simulations over a very wide range of fugacities.
We have also tested IAST on the zeolite OBW, and the result is shown in the Supporting Information Figure SI 1 . The mixture isotherm for OBW clearly shows that IAST cannot be applied to predict the mixture isotherm accurately. The main difference between these two structures comes from the similarity of the surface area of the material accessible to each component in the mixture. As shown in Figure 2 and Figure 3 , the accessible surface area of each component is nearly identical in SOF but not in OBW. More detailed information, such as identifying accessible regions for each component from molecular simulation prior to applying IAST, will improve the prediction of the mixture isotherms in materials like OBW. A detailed evaluation of IAST is out of the scope of this work and will be studied as a separate topic. In conclusion, for those structures similar to SOF studied in this paper, IAST can be used to predict the mixture behavior with high accuracy.
Screening. In order to find optimal zeolite structures that can be best utilized for ethane/ethene separation, we need to construct a criterion that separates high performance structures from the poor performing ones. In this study, we assume that a pressure swing process for an equimolar mixture of ethane/ ethene input stream was applied for the separation. Additionally, we assume that the adsorption stage is carried out at 1 bar and 300 K, and the desorption stage is set to be simply vacuum. Both the selectivity (i.e., S, ratio of ethane/ethene molecules) and ethane working capacities (L) are treated as the two most important quantities that determine the efficiency of the ethane/ethene separation process since it would be ideal to both minimize the number of cycles needed to separate the input stream to a given purity and maximize the working capacities of ethane (i.e., loading of ethane at the adsorption stage) molecules to minimize the overall cost. Given their importance, it would seem intuitive to search for structures that maximize the product of the two aforementioned quantities (i.e., S × L). Therefore, we chose S × L as a metric that indicates the performance of a given structure. Figure 5 shows the two-dimensional ethane/ethene separation performance plot for 171 IZA structures as well as 30000 hypothetical zeolite structures from Deem's database. Most of the data points (99.8%) fall below the reference performance curve of S × L = 3, which we utilized to separate high and low performance regions within the zeolite search space. At this point, we would like to stress that the choice of 3 here is intuitively arbitrary. The purpose of providing a reference line is to qualitatively define a number of promising materials. It is not surprising that most of the structures perform poorly given that ethane and ethene molecules are very similar to one another, resulting in similar adsorption properties for a given structure. From the top structures, we have identified that 7 out of 171 IZA structures (i.e., from the highest to lowest: zeolites EPI, STW, THO, EAB, PUN, SOF, and MEI) and 50 out of 30000 hypothetical structures lie above the S × L = 3 curve. The highest performing structures in the hypothetical and the IZA databases are PCOD8156587 (S × L = 4.70) and zeolite EPI (S × L = 3.82), respectively. Included in the set of top performing structures is SOF, which possesses both high selectivity (2.9) and working capacity (1.1 mol/kg) at the given condition of input stream in the paper. In order to explain SOF's high performance, the pairwise interactions between the gas and the host framework atoms are studied in greater detail. Figure 6a shows the two energy curves that describe the Lennard-Jones interactions between CH 2 of ethene and CH 3 of ethane and the oxygen zeolite framework atom. In the definition of the force field, the Lennard-Jones interactions between ethane/ethene molecules and the silicon framework atoms are assumed to be zero. To obtain high selectivity and uptake of ethane molecule, there needs to be a specific localized region within the zeolite structures such that (a) the interaction between CH 3 and oxygen is maximized while the CH 2 −oxygen interaction is suboptimal (leading to high selectivity) and (b) the number of such localized regions is maximized (leading to high uptake). In order to gain a large enough energy difference that translates into distinct, high-selective adsorption properties for the ethane/ethene molecules, the two sites within the coarsegrained guest molecule need to be surrounded by as many Figure 5 . Two-dimensional ethane/ethene performance plot for 171 IZA structures (magenta, open circles) and 30000 hypothetical zeolite structures (blue, closed circles). For each of the points both the selectivity (vertical axis) and ethane loading (horizontal axis) are obtained from the predicted mixture isotherm by using IAST. The dashed red line represents the reference performance curve of S × L = 3 and serves to separate the high (above the line) and the low (below the line) performance zeolite structures. oxygen atoms as possible in a localized region radius of roughly 3.9 Å where the distance creates the largest binding energy difference between CH 3 −oxygen and CH 2 −oxygen interactions. The zeolite framework geometry depicted in Figure 6b shows a channel diameter of about 7 Å in the zeolite SOF that provides a localized region optimal for preferential adsorption of ethane over ethene.
Since all structures examined in this study are pure-silica zeolites and so share the same chemical composition, framework geometry, rather than chemistry, is the main factor which determines a material's separation performance. Having determined the characteristics of preferential sites for ethane adsorption in zeolite frameworks, one can utilize cheminformatics to efficiently screen a large database of zeolite materials to identify those structures that contain this specific preferential geometry without the need to conduct molecular simulations. 34 Through inspection of the potential energy surface, we identified the specific zeolite framework geometry present in the preferential ethane binding site of the optimal separation material, PCOD8156587 (highest S × L metric); the arrangement of zeolite atoms around one CH 3 group of the guest is shown in Figure 7 , and coordinates are provided in the Supporting Information. Two zeolite framework atom arrangements similar to this, in close proximity in a guest-accessible channel, will give rise to strong ethane−host interaction due to the large number of framework atoms at an optimal distance from each CH 3 group of the ethane molecule. Given this understanding of the optimum framework geometry, we can identify other materials which exhibit similar framework atom arrangements, following the procedure described in ref 34 . Accordingly, we find that, out of the 30 optimum separation materials with the largest S × L metric values, 27 (90%) could be identified without the need for simulation, by searching only for this preferential framework geometry.
As a result, we have illustrated that, through high-throughput simulation, structural features that dominate adsorption performance of a material can be determined. Acccordingly, for hypothetical zeolite structures that have yet to be simulated, efficient prescreening of databases can identify promising candidate materials prior to molecular simulation, ensuring that the more computationally expensive techniques can be selectively applied. A greater degree of discrimination between promising candidate materials identified in this way is achievable through, for instance, consideration of the relative proportion of a framework's guest-accessible volume which is composed of such preferential framework geometries; however, these developments are beyond the scope of this work and will be described in a future publication.
■ SUMMARY AND FUTURE WORK
Utilizing a high-throughput GPU code, we have characterized adsorption properties of ethane and ethene molecules inside all of the experimentally verified IZA zeolite structures and 30000 hypothetical zeolite structures. We have observed that, due to the similarities shared between the two gas molecules, most of the zeolite structures are not suitable for ethane/ethene separation. However, we have identified a number of optimal structures, which possess both high selectivity and high ethane working capacity. Furthermore, we have determined the structural geometry that is responsible for preferential ethane adsorption and have shown that optimum ethane/ethene separation materials can be identified by screening framework geometries using this knowledge. Although the number of highperforming structures remain very small, the insights gained from our simulation results can help identify the ideal zeolite structures for ethane/ethene separation. And we believe that the procedures outlined in this paper can be extended to explore suitability of ethane/ethene separation in other classes of materials. 
